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ABSTRACT: A regularly alternating terpolymer and a random terpolymer were synthesized from the constituent units of two
donor−acceptor polymers with complementary absorption. They were then compared to a physical blend of these two donor−
acceptor polymers in order to investigate the best means of extending the light absorption range in bulk heterojunction (BHJ)
solar cells. While all three methods broadened the light absorption, the physical blend provided the best improvement in power
conversion efficiency (4.10% vs 3.63% and 2.67% for the random and regular terpolymers, respectively). This is due to the
increase in aggregation in the physical blend, as demonstrated in the UV−vis spectra, which likely leads to higher local mobility
and less recombination. This study shows that in order to effectively increase the light absorption (and therefore performance) of
a polymer:fullerene based BHJ solar cell, a terpolymer must retain a structure which allows sufficient aggregation.
■ INTRODUCTION
In a typical bulk heterojunction (BHJ) polymer solar cell
(PSC), the conjugated polymer functions as the major light
absorber while the electron accepting materialmost often a
fullerene derivativeabsorbs very little sunlight. Unfortunately,
the inherently narrow absorption range of typical conjugated
polymers, usually with a full width at half-maximum (fwhm) on
the order of 200 nm, only covers a relatively small fraction of
the solar spectrum.1 This significantly limits the light
absorption and thus the short circuit current (Jsc) of these
PSCs. The “engineering” approach to address this issue of light
absorption is to stack several solar cells with each of them
capturing a different region of the solar spectrum; these cells
are then connected in a series or parallel circuit (i.e., tandem
cells).2−4 Though such tandem cells can maximize the light
absorption and utilize it well (e.g., overcoming the thermal-
ization loss) with much higher projected efficiency,4 the
complex device configuration of these tandem cells has posed
serious challenges in terms of fabrication and optimization. On
the other hand, within the realm of single junction BHJ solar
cells, various strategies have been explored to improve the light
absorption and (hopefully) further improve the efficiency of
PSCs. Explored strategies include, (a) adopting more light-
absorbing C70 derivatives,
5 (b) using multiple polymers
covering different absorption ranges in the same active layer
as a physical blend (e.g., ternary blend systems),6−9 (c)
covalently integrating these conjugated polymers together (e.g.,
chemically blending these constituting monomers into a
random copolymer),10 (d) replacing the fullerenes with
strongly light-absorbing electron-accepting molecules,11 and
(e) compensating weak absorption by using thick layers.12,13
While the strategy of replacing C60 derivatives (e.g., [6,6]-
phenyl-C61-butyric acid methyl ester (PC61BM)) with light
absorbing C70 counterparts (e.g., [6,6]-phenyl-C71-butyric acid
methyl ester (PC71BM)) has been quite successful (in fact,
almost all reported record-high efficiencies of polymer solar
cells were obtained with PC71BM in the BHJ blend), other
strategies have only seen success in some cases. For example,
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ternary (or multiple) blend systems, where two (or more)
polymers or fullerene derivatives are physically mixed in a single
layer, have gained significant momentum, achieving efficiencies
over 8%.9,14−16 However, “non-working” ternary blends were
also reported together with working ternary blends,14,17,18
highlighting the complex nature of these systems. It appears
that matching the morphology or texture (e.g., both polymers
being “face-on” with the same processing solvent) is an
important factor.14 On the other hand, terpolymers, where
three different units from two parent donor:acceptor polymers
are strategically combined to provide chemical blending and
thus integrate the electronic and absorption features of both
parent polymers, can potentially circumvent the morphology
compatibility requirements of a ternary physical blend. This is
because the active layer only contains two components (i.e., a
terpolymer and a fullerene derivative) as in a typical binary BHJ
solar cell.
Indeed, a number of terpolymers have been developed in the
past few years, typically through a random copolymerization of
several different electron-donating units (“donor”, D) and
electron-deficient units (“acceptor”, A).19−23 However, the
nature of such random copolymerizations implies that the
structure and composition of these random terpolymers are not
well-defined compared to the prevailing one donor-one
acceptor copolymers. One approach to address this “random-
ness” is to construct a macro-monomer that places the
constituent donors/acceptors in the desired pattern, before it
is subjected to the final polymerization (with another donor or
acceptor).24−28 Though synthetically more demanding, such a
regular terpolymer has the potential to reach higher efficiency
than the corresponding random terpolymer.26,27,29 The well-
defined conjugated structure of the regular terpolymer would
more likely lead to favorable device morphology compared to
the unregulated structure of the random copolymer. For
example, the likely existence of oligomeric segments with a
different chemical and electronic/optical nature in a random
copolymer could lead to poor mixing with the fullerene
derivatives as well as poor molecular packing and orientation in
the BHJ active layer.26,27,29,30
In principle, any two p-type conjugated polymers can form a
ternary blend (i.e., physical blend) with an n-type fullerene
derivative. Alternatively, the constituent units (i.e., structural
moieties) of two such polymers−if they have a common
structural moiety−can also be organized into a random
terpolymer or a regular terpolymer, both of which can be
considered chemical blends. As briefly discussed above, all three
approaches have been successfully implemented with dif ferent
systems; however, for any two given conjugated polymers, it is
essentially impossible to predict which approach would offer
the highest device efficiency unless one investigates all three
approaches in a comparative manner. Unfortunately, such
studies are very rare,26,31 and the results are mixed. In one
study, Sun et al. reported that an alternating D−A1−D−A2
copolymer containing two acceptors (A1 and A2) in the repeat
unit (i.e., a regular terpolymer) showed a broad absorption and
much higher device efficiency (5.03%) than that of the
corresponding physical blend (2.40%).26 In another study,
Khlyabich et al. obtained similar efficiencies for both the ternary
blend and the random terpolymer for another pair of parent
polymers.31 More such comparative studies are therefore
Scheme 1. Synthesis of Four Polymers Used in This Study, PBnDT−DTBT, PBnDT−HTAZ, Poly(BnDT−DTBT/HTAZ), and
Poly(BnDT−HTAZ-alt-BnDT−DTBT)
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needed to further explore the application and limitations of all
three approaches (i.e., ternary blend, random copolymer and
regular terpolymer).
We designed this comparative study by starting with a
successful ternary blend we reported earlier, poly-
(benzodithiophene−dithienylbenzotriazole) (PBnDT−HTAZ)
and poly(benzodithiophene−dithienylbenzothiadiazole)
(PBnDT−DTBT).32 These two polymers share a common
donor (i.e., “D” being benzodithiophene), but differ in the
acceptors (i.e., “A1” being HTAZ, and “A2” being DTBT). For
this comparative study, two new terpolymers were synthesized:
a random copolymer poly(BnDT−HTAZ/DTBT) and a
regular, alternating terpolymer poly(BnDT−HTAZ-alt-
BnDT−DTBT) (Scheme 1). The three different approaches
to organizing these constituent units (ternary physical blend,
random terpolymer, and regular terpolymer) give different
absorption behavior, though all show a broadened absorption.
However, while the ternary blend (i.e., PBnDT−
DTBT:PBnDT−HTAZ:PC61BM) shows a higher energy
conversion efficiency (4.1%) than either parent binary blend
(PBnDT−DTBT:PC61BM, or PBnDT−HTAZ:PC61BM), as
previously reported,32 the two terpolymer based solar cells
exhibit lower efficiency at similar active layer thicknesses (∼110
nm). This is due to noticeably lower short circuit currents (Jsc)
of these two terpolymer base devices than that of the ternary
blend based device. In fact, the Jsc of the regular alternating
terpolymer based device is the lowest among all devices tested;
we ascribe this to a decrease in absorbance efficiency of the
active layer due to reduced aggregation of the regular
terpolymer, less than optimal morphology of the active layer,
and likely electronic differences of the regular terpolymer
compared to the parent polymers. Our results indicate that
while the ternary blend is an effective approach to extend the
absorption with improved device efficiency in our series of
blends, the regular terpolymer is, rather surprisingly, not.
Together with previous reports,26,31 our comparative study
highlights the complexity inherent in the design of novel
polymers for higher efficiency solar cells.
■ RESULTS AND DISCUSSION
Synthesis. The chemical structures and synthesis of all four
polymers used in this study are presented in Scheme 1. For
clarity and simplicity, we will use BD, BH, Ra−BDH, and Re−
BDH to represent PBnDT−DTBT, PBnDT−HTAZ, the
random terpolymer (i.e., poly(BnDT−HTAZ/DTBT)), and
the regular terpolymer (i.e., poly(BnDT−HTAZ-alt-BnDT−
DTBT)). Thus, the ternary blend will be referred to as BD:BH.
Monomers D,33 A113 and A234 were readily prepared according
to previous reports, and were then employed to create three
polymers (BH, BD, and Ra−BDH in Scheme 1). We used 1:1
feed ratio of A1:A2 in the synthesis of Ra−BDH for this
comparative study. The actual ratio of A1:A2 on the Ra−BDH
was close to 1:1, as confirmed by the high temperature NMR
(Figure S6) and elemental analysis (Table S1).
However, the synthesis of the regular, alternating polymer
(i.e., Re−BDH in Scheme 1) was only made possible after
extensive exploration and optimization of reaction conditions.
The key to synthesizing the Re−BDH was the preparation of
the D−A2−D structure in Scheme 1. First, monostannylated
BnDT (2) was prepared by treating BnDT (1) with 1 eq n-
BuLi (Scheme 2), and the crude product (without further
purification) was directly subjected to the Stille coupling with
dibrominated monomer A2 to afford the premonomer (3). The
final step in synthesizing the polymerizable monomer, D−A2−
D, was the stannylation of premonomer (3) assisted by a strong
base. Interestingly, when n-BuLi was employed, none of the
desired product was obtained. Furthermore, treating premo-
nomer (3) with stoichiometric amount of LDA (or slight
excess) did not lead to the desired monomer, either. In fact, we
discovered that 20 equiv of LDA (vs 3) at low temperature was
required to successfully convert the premonomer (3) to the
polymerizable monomer D−A2−D. Less than 20 equiv of LDA
gave a significant amount of monostannylaed monomer, which
was difficult to separate from the distannylated product. Finally,
the monomer D−A2−D was combined with monomer A1 via
the standard microwave Stille polymerization to create the
regular terpolymer (i.e., Re−BDH in Scheme 1).
The number-averaged molecular weights (Mn) of BD, BH,
Ra−BDH, and Re−BDH were determined to be 54, 80, 66, and
39 kg/mol, with corresponding dispersity (Đ) of 2.13, 1.91,
2.55, and 3.46, respectively (Table 1).
Optical and Electrochemical Properties. The UV−vis
absorption spectra of the four polymers in solution (o-
dichlorobenzene, oDCB, was used as the solvent) and as thin
Scheme 2. Synthesis of Monomer D−A2−D
Table 1. Molecular Weight, Photophysical, And

















BD 54 2.13 702 563 1.65 −5.28
BH 80 1.91 582 573 1.96 −5.30
Ra−BDH 66 2.55 579 561 1.70 −5.39
Re−BDH 39 3.46 581 536 1.76 −5.29
aCalculated from the onset of UV−vis absorption spectra of polymer
films. bMeasured by cyclic voltammetry.
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films are shown in Figure 1, parts a and b, respectively. Figure
1b also includes the absorption of the 1:1 (weight ratio) blend
of BD:BH. In solution, both terpolymers (Ra−BDH and Re−
BDH) show very similar absorption features, with increased
absorption width compared to either of the parent polymers
(BD or BH). However, the thin film absorption of these two
terpolymers is distinctively different, particularly at longer
wavelengths. The characteristic absorption peaks from these
two parent polymers, 430 nm for BD and 535 and 575 nm for
BH, are clearly visible in the random terpolymer (Ra−BDH).
In contrast, the absorption spectrum of the regular terpolymer
(Re−BDH) is almost featureless from 350 to 700 nm. This
difference in the thin film absorption between Ra−BDH and
Re−BDH suggests that there exist oligomeric segments of
(BnDT−DTBT)x and (BnDT−HTAZ)y that can aggregate in
the random terpolymer, due to the random nature of the
synthesis of Ra−BDH; while the regular, alternating nature of
Re−BDH implies that there are no such oligomeric segments
present in its structure. The aggregation of BD units (700−750
nm) is particularly suppressed and disrupted in both
terpolymers, whereas the aggregation of the BH is partially
present in the random terpolymer, but completely lacking the
characteristic vibrational features in the regular terpolymer. On
the other hand, the ternary blend (BD:BH at 1:1 weight ratio)
covers the whole absorption range of the two parent polymers
and captures corresponding absorption features including the
signature for aggregation from both the two parent polymers.
Finally, from the onset absorption of the thin film (Figure 1b),
the band gaps of all studied polymers were calculated and the
data are summarized in Table 1.
The electrochemical properties of the four polymers were
evaluated via cyclic voltammetry (CV) (Figure 2). From the
oxidation onset potentials of these polymers (vs ferrocene/
ferrocenium, Fc/Fc+), we estimated the highest occupied
molecular orbital (HOMO) energy levels according to the
equation EHOMO= −e(EOX + 4.80 V), with data included in
Table 1. It is interesting to note that the calculated HOMO
level of Ra−BDH appears to be ∼0.1 eV lower than those of
other three polymers (though we believe this slight difference is
within the experimental error, given the estimative nature of
CV).
Photovoltaic Properties. The photovoltaic properties of
all four polymers were measured by fabricating solar cells with a
configuration of ITO/PEDOT:PSS/polymer:PC61BM/Ca/Al.
In order to establish a meaningful comparison of the
photovoltaic properties of all five polymers (including the
ternary blend), we applied identical fabrication conditions for
all five active layers as published previously, including the
processing solvent (ortho-dichlorobenzene, o-DCB), ratio of
polymer:PC61BM (1:1 wt), and the solvent annealing time (12
h).32 Furthermore, the thicknesses of all five active layers were
maintained at ∼110 nm, in order to eliminate any thickness
induced effect on the device performance (e.g., Jsc), which could
complicate the data interpretation and comparison.
All characteristic photovoltaic properties are summarized in
Table 2, with representative J−V curves shown in Figure 3a.
First of note, the open circuit voltage (Voc) of the ternary blend
(BD:BH) based solar cell is between those of the two parent
polymer (BD or BH) based devices, which agrees well with our
previous study.32 Interestingly, the Voc values of the two
terpolymer (Re−BDH and Ra−BDH) based solar devices are
slightly higher than the higher Voc of the two parent polymer
based devices. This enhanced Voc, observed for both
terpolymers, is worth noting, because most other terpolymers
reported showed Voc values in between the Voc values of the
two parent polymers.19,26 The much higher Voc values of these
ternary polymers in this study, in particular compared to the
low Voc of the ternary blend, demonstrate that it is possible to
maintain a high Voc with the terpolymer approach, a clear
advantage over the ternary blend approach. But as will be
shown, this increased Voc is not significant enough to enhance
the overall efficiency.
The Jsc values of the two terpolymer based devices, in
particular that of the regular terpolymer (Re−BDH), are much
smaller than either of the parent polymer based cells. The
ternary blend, on the other hand, shows the highest Jsc in this
series of devices. It appears that chemical blending (i.e., Re−
BDH and Ra−BDH) in the studied series of polymers is not a
viable approach to improving the Jsc, compared to the physical
blend (i.e., BD:BH). However, all three blends (Re−BDH, Ra−
BDH, and BD:BH) show improved absorption width with
respect to either of the parent polymers (BD or BH) (Figure
1b). Measurement of the external quantum efficiency (EQE)
confirms the observed difference on the Jsc of all devices (Figure
3b). In order to ascertain whether the lower current generation
stemmed from a difference in absorption coefficients for the
two terpolymers, the optical spectra of the devices were
Figure 1. UV−vis absorption spectra of four polymers in ortho-dichlorobenzene (o-DCB) solution (a) and films (including the ternary blend) spun
cast from o-DCB solution (b).
Figure 2. Cyclic voltammetry oxidation curves of the four polymers.
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integrated to yield a theoretical expected current assuming
100% IQE. This procedure (see Supporting Information) yields
the values listed in Table 2 (Jabs). Dividing the measured Jsc by
the absorbance corrected current, Jabs, leads to a normalized
current (Jsc/Jabs) which can be compared across all blends. The
normalized currents cluster into two categories: the parent
polymers and the physical blend (0.85, 0.85, and 0.89) and the
terpolymers or chemical blend approach (0.73 and 0.71). Thus,
the improved Jsc for the physical blend, is in large part due to
improved absorption (since normalized currents are similar for
both parent polymers and the physical blend). However, the
differences in absorption cannot completely account for the
different in Jsc between the physical and chemical blends.
Rather, although Ra−BDH has higher absorption coefficient
than the physical blend (Figure 1b), the physical blend does a
better job of generating and collecting charges (as evidenced by
the higher normalized current). We also measured the long
distance device hole mobility of all five blends, which are all on
the order of 10−4 cm2/(V·s) (Table 2); apparently, the long-
range device hole mobility cannot completely account for the
observed difference in Jsc between the two terpolymers and the
ternary blend, especially given such thin films (∼100 nm). The
observed difference in Jsc between the chemical blends and the
other devices may also be related to the morphology or intrinsic
charge generation efficiencies and geminate recombination.
Morphology Study. To further understand the differences
between Ra−BDH, Re−BDH, and the physical blend based
solar cells compared to the parent binary based solar cells, we
utilized a set of X-ray techniques to study the morphology and
molecular packing of these polymer:fullerene blends.
Resonant soft X-ray scattering (R-SoXS), measured at
beamline 11.0.1.1 at the Advanced Light Source,35 provided
information on the domain spacing and domain purity of the
system. R-SoXS images were measured at 282.4 eV to provide
good material contrast, while avoiding fluorescence. The images
were processed using a modified form of the Nika software
package36 implemented within Igor; details on the measure-
ment and analysis methodology can be found in the Supporting
Information. For all displayed R-SoXS sector averages (Figure
4), the recorded intensity was Lorentz-corrected by multiplying
each curve by q2, as is appropriate for the assumed 3-
dimensional structures dominated by structure factor, rather
than form factor.37 Most R-SoXS profiles and their anisotropy
differences (Figure 4) clearly show signatures of multiple peaks,
and as such, the vertical and horizontal sectors for each sample
were fit with the minimum number of peaks needed. Two log-
normal distributions were required to reproduce the sector
averages of all samples. These distributions sometimes had
similar modes, but different widths and thus different medians
and were necessary for good fits even in cases where the
profiles did not show any obvious sign of two features (see
Supporting Information for details). Table 3 summarizes the
Table 2. Photovoltaic Properties and Hole Mobilities of the Four Polymers and Physical Blend of PBnDT−DTBT and
PBnDT−HTAZ in their BHJ Devices with PC61BM











BD 2.25 ± 0.77 138 ± 2 9.22 ± 0.28 0.813 ± 0.003 52.4 ± 0.5 3.93 ± 0.12 10.84 0.85
BH 0.93 ± 0.4 115 ± 7 7.63 ± 0.37 0.690 ± 0.002 58.7 ± 0.9 3.09 ± 0.17 8.98 0.85
BD:BH 1.97 ± 0.55 112 ± 14 9.36 ± 0.46 0.770 ± 0.005 56.9 ± 1.1 4.10 ± 0.29 10.47 0.89
Ra−BDH 1.36 ± 0.46 108 ± 14 6.55 ± 0.31 0.853 ± 0.003 64.9 ± 1.7 3.63 ± 0.21 9.02 0.73
Re−BDH 0.85 ± 0.24 111 ± 17 5.57 ± 0.25 0.838 ± 0.006 57.3 ± 2.3 2.67 ± 0.13 7.88 0.71
Figure 3. Representative J−V curves (a) and related EQE (b) for all devices.
Figure 4. R-SoXS measurements and analysis. For each sample, the
calculated vertical sector average (blue), horizontal sector average
(green), and full circular average from the RSoXS images are shown.
Note that the ordinate axis is logarithmic, so the curves have been
given an offset via a multiplicative constant.
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pertinent results of the peak fitting analysis, namely median
domain spacing and relative integrated scattering intensity.
In the studied systems, it appears that two domain spacing
distributions (in a given blend) were formed during the device
fabrication: a low-q peak that corresponds to larger domains,
and a high-q peak that corresponds to the smaller domains
(Table 3). Each peak type, as well as the sum of the peaks, was
tested for possible correlation with the various photovoltaic
performance metrics. Consider, first, the relative integrated
scattering intensities of the small domains (i.e., high-q peaks),
which were normalized for thickness and material contrast
effects. The material contrast between the polymers and PCBM
was calculated using near-edge X-ray absorption fine structure
(NEXAFS) spectra37 measured on beamline 5.3.2.2 at the
Advanced Light Source.38,39 As shown in Figure 5a, this
correlates strongly with the fill factor of the studied set of
polymer BHJ devices. Such correlation has been previously
observed40 and reflects that the scattering intensity measures
the combined impact of the domain purity and their volume
fraction in a device, i.e., the average composition variations.41
More small domains or purer small domains can, up to a point,
reduce the bimolecular recombination rate, thus improving the
fill factor.42−45
Furthermore, the hole mobility correlates with the median
domain spacing for those domains described by the low-q peak
(Figure 5b). We note that some domains described by this low-
q peak have larger spacings than the film thickness, thus likely
spanning the full width of the film and providing a direct path
between electrodes, which could improve the mobility.
Regarding the correlation of the normalized current, i.e.,
those aspects of Jsc that are not related to difference in photon
absorption, we note that the normalized current groups into
two tightly scattered clusters, i.e., the two chemical blends (0.71
< Jsc/Jab < 0.73) and the other three devices (0.85 < Jsc/Jab <
0.89). Thus, no matter what physical parameter we extract from
the morphology characterization, we will not observe any
correlations to the normalized current, as shown in Figure 5,
parts c and d, where the normalized current was plotted against
the median domain spacing of the low-q and high-q peak,
respectively.
So the question remains: what would cause the reduced Jsc in
these two terpolymer based solar cells? We assume that there is
efficient and comparable exciton quenching, i.e., efficient charge
transfer (CT) state formation. This assumption is by the
PCBM miscibility with BH46 and low crystallinity of the
polymers, which suggest they would be unlikely to form the
large, pure domains necessary to prevent exciton quenching.
The low polymer crystallinity, particularly π−π stacking, has
been observed in grazing-incidence wide-angle X-ray scattering
(GIWAXS) experiments performed at beamline 7.3.3 at the
Advanced Light Source;47 further details may be found in the
Supporting Information. The lack of correlation of Jsc/Jab to any
morphological parameters thus strongly implies that the
differences in Jsc would arise from differences in charge










BD 20.2 ± 2.0 0.68 ± 0.12 243 ± 36 0.84 ± 0.14
BH 24.0 ± 2.4 0.83 ± 0.08 47.0 ± 2.4 1.15 ± 0.10
BD:BH 25.1 ± 2.5 0.74 ± 0.12 328 ± 49 0.39 ± 0.03
Ra−BDH 44.7 ± 4.5 1.00 ± 0.12 116.3 ± 5.8 1.00 ± 0.11
Re−BDH 38.0 ± 3.8 0.81 ± 0.07 65.6 ± 3.3 1.01 ± 0.09
Figure 5. R-SoXS parameters, extracted from peak fitting analysis of R-SoXS sector averages, as correlated with device parameters.
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generation and geminate recombination. For instance, Burke
and McGehee48 recently argued that the short-range (i.e.,
terahertz) mobility controls charge generation, which offers one
to account for the observed Jsc differences in our series of
polymers. In the two terpolymers based blends, the reduced
aggregation, particularly of the BD units, evidenced in the UV−
vis spectra, leads to a degradation of local short-range mobility,
which in turn reduces the charge generation and increases
geminate recombination in the unaggregated segments of these
two chemical blends.
■ CONCLUSION
In summary, we synthesized regularly alternating and random
terpolymers from one donor unit and two different acceptor
units. These two terpolymers were then compared to the parent
D−A polymers as well as to a physical blend of the parent
polymers. Both terpolymers showed extended absorption
compared to the parent polymers, but had different absorption
coefficients than the physical blend. Most significantly, the
terpolymers exhibited a significantly reduced aggregation
signature. When normalized for optical effects, the random
terpolymer had comparable photovoltaic performance with the
regular terpolymer, but both fell short of the physical blend,
largely due to a lower Jsc from these terpolymers based solar
cells. This was surprising since in most previously literature
reports, the regular terpolymer outperformed the random
polymer in each comparative study. A study of the
morphologies of the samples showed that the two binary
blends, the physical ternary blend, and the two terpolymer
blends all have fill factors of their individual solar cells
correlating with the domain purity of the smaller domain, and
hole mobility correlating with the median domain spacing of
the larger domains. We hypothesize that the lack of aggregation
leads to low local mobilities with a negative impact on charge
generation and increases geminate recombination. Overall, this
study demonstrates that certain design rules for terpolymers
need to be achieved in order to harness their full potential to
control morphology by synthetic means. For chemical blending
to work, the material needs to have a molecular structure and
overall architecture that will allow it to aggregate. Our work
thus provides a useful guide for future synthesis and articulates
a metric that can be easily checked by UV−vis spectroscopy.
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